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Abstract 
Indirect neutron radiography (INR) experiments by X-ray imaging plate were carried out at the China Advanced Research 
Reactor (CARR). The key experiment parameters were optimized, especially the exposure time of the neutron converter and 
imaging plate. The optimized total exposure time is 37.25 min, it is two-fifths of the time based on the film method under the 
same experimental conditions. The qualitative and quantitative inspections were tested with dummy nuclear fuel rods and a 
water temperature sensor of a motor vehicle. The spring in the sensor and the defects of the dummy fuel rod’s pellets can be 
qualitatively detected. The thickness of the tape at one position on the cladding of the dummy nuclear fuel rod was 
quantitatively calculated to be 9.57 layers with the relative error of ±4.3%. 
© 2015 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Paul Scherrer Institute. 
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1.  Introduction 
Neutron radiography is a Non-Destructive Testing (NDT) technique that is a complementary tool to X-ray and 
gamma radiography (Hardt et al., 1996; Wei et al., 2012). The unique advantage of neutron radiography is that it 
can be applied non-destructively to test samples with high radioactivity, such as irradiated fuel rods from nuclear 
reactors (Groeschel et al., 1999; Wei et al., 2013). Traditionally, the metallic neutron converter (In or Dy) and X-
ray films were used in the INR method, and qualitative inspections such as defects of nuclear fuel rod pellets and 
the phenomenon of hydrogen ingress in the cladding were carried out (Wei et al., 2012). Recently, the quantitative 
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measurements of irradiated nuclear fuel rods were required, such as the content of hydrogen accumulation in the 
cladding and the U-235 enrichment of the pellet . A comparison of X-ray film and X-ray Imaging Plate (IP) used 
as the detection system on the set-up of NEUTRA at Paul Scherrer Institute (PSI) were described in Table 1 
(Lehmann et al., 2003). The IP was introduced into the INR method to replace the film, for the following 
advantages (Lehmann et al., 2003; Thoms, 1999; Yasuda et al., 2005; Chankow et al., 2010):  
• Much shorter required exposure time compared with traditional metallic converter and X-ray film technique 
• A linear dynamic range over five orders of magnitude enables quantification and visualization of signals 
• Radiographs are digitized and quantified using a storage imaging system 
Table 1. Properties of the X-ray film and the IP used as the detection system for digital neutron imaging purposes (Lehmann et al., 2003) 
Detection system X-ray film and transmission light scanner Imaging plates 
Max. spatial resolution (ȝm) 
Typical exposure time for suitable radiograph 
Dynamic range 
Digital format 
20-50 
5 min 
102 (non-linear) 
8 bit 
25-100 
20 s 
105 (linear) 
16 bit 
A new research reactor called China Advanced Research Reactor (CARR) has been constructed in China 
Institute of Atomic Energy (CIAE) in Beijing. The INR method based on X-Ray film and 0.1mm-thick Dy foil 
neutron converter has been studied at CARR with the power of 10 MW (Wei et al., 2014). This paper describes the 
optimized exposure time of the INR method based on X-ray IP at CARR, the results of qualitative inspection of a 
water temperature sensor of a motor vehicle and a dummy nuclear fuel rod, and the method of quantitative testing 
the thickness of the tape on the cladding of the dummy nuclear rod. 
2. Optimizing INR experimental parameters 
The INR experiment procedures include two steps: (a) exposing the neutron converter in the neutron beam and 
(b) contacting the IP with the neutron converter tightly (Hardt et al., 1996; Wei et al., 2012). As a result, the key 
parameters of the INR experiment are the exposure times. 
The INR experiments were carried out based on 0.1mm-thick Dy foil neutron converter and X-ray IP (CR ST-
VI, Fuji Film Co. Ltd ), at the end of Cold Neutron Guide A (CNGA) at CARR, with the reactor’s power of 10MW 
and the neutron flux of 1.76×108 n/cm2/s. The exposure times were optimized according to the experimental 
conditions mentioned above. 
When the neutron converter has been exposed in the neutron beam for the time of t1, the radioactivity of the 
converter, A(t1), can be given by (Hardt et al., 1996): 
)1()( 11 teNtA λϕδ −−= (1) 
where ϕ is the neutron flux irradiating the neutron converter, δ is the converter’s neutron absorption cross 
section, N is the number of atoms of the converter material, λ˙0.693/τ , and τ is the half life of the converter 
material. 
After being exposed in the neutron beam, the neutron converter was transferred to expose the IP for the time of 
t2. The radioactivity of the converter, A(t2), can be given by (Hardt et al., 1996): 
  
2)()( 12 tetAtA λ−=    (2) 
The exposure that the IP received from the neutron converter during t2, K, can be given by (Hardt et al., 1996; 
Zhang, 1985): 
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where Kr is the exposure rate constant of the neutron converter material, R is the distance from the converter to 
the IP. The value of R is the half-thickness of the converter because the IP and the converter were in tight contact 
during exposure. 
When the exposure that the IP obtained from the converter is equal to the IP’s LOD (Limit of Detection) 
exposure, expressed as K0, the IP can produce a visible radiograph. At this time, the exposure times t1 and t2 are the 
minimum values. The integral value of Eq. (3) can be expressed as: 
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Eq. (4) can also be expressed as: 
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When the value of t1 is 1/25τ , 1/20τ , 1/15τ , 1/10τ , 1/8τ , 1/5τ , 1/4τ , 1/3τ and 1/2τ , the value of t2 can 
be calculated separately by the Eq. (5). When the total exposure time of the INR experiment (the value of t1 plus t2) 
is the minimum value, the values of t1 and t2 are the optimized experimental parameters. The neutron converter 
used for the study of the INR method based on IP at CARR is 0.1mm-thick Dy foil. The half life of Dy is 2.3 hours. 
Fig.1 shows the theoretical relationship between the total exposure time and the time that the converter was 
exposed in the neutron beam. When the value of t1 is 17.25 min (1/8τ ) and the value of t2 is 20 min, the total 
exposure time achieves the minimum value of 37.25 min, just two-fifths of the time (95.5 min) based on the film 
method under the same experimental conditions (Wei et al., 2014). 
Fig. 1. Theoretical relationship between the total exposure time and the time of the converter exposed in the neutron beam. 
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3. INR measurements and quantitative calculation 
Some INR experiments for the qualitative inspection of specimens were carried out at CARR. Fig.2 shows the 
qualitative testing of the water temperature sensor of a motor vehicle, in which the spring in the sensor can be 
detected. Fig. 3 shows the qualitative testing of one dummy nuclear fuel rod (15cm-long, the material of dummy 
pellets is lead, the material of dummy cladding is aluminium ), in which the defects of  the dummy pellets can be 
detected. 
Fig. 2. Qualitative testing the water temperature sensor of a motor vehicle (left figure is its photo) by the neutron radiograph (right). The base 
material of the sensor is copper (the thermal neutron attenuation coefficient is 0.924 cm-1)  and the spring material is steel (the thermal neutron 
attenuation coefficient is 1.15 cm-1), so thermal neutron penetrates easily through the base material to qualitatively test the sensor. 
Fig. 3. Neutron radiograph (top) and the photo (bottom, pellets in the cladding during testing) of one dummy nuclear fuel rod with defects 
indicated with arrows. One dummy pellet in the middle of the rod missed some material at the upper edge, the other dummy pellet at the right 
side of the rod missed much material at the right edge.  
Hydrogen agglomeration in the cladding surface can limit the stability of the cladding tube considerably. The 
quantitative testing of the hydrogen content in the cladding has been paid much attention (Lehmann et al., 2003). 
The unique advantage of using the IP in the INR experiment is that more accurate quantitative analysis results can 
be achieved for larger linear dynamic range compared with using films. 
The sample was a dummy nuclear fuel rod and its cladding was wrapped with different layers of tape to 
simulate the hydrogen accumulation. The tape is a kind of BOPP (Biaxially Oriented Polypropylene) adhesive  
membrane and its neutron absorbing ability is much higher than Al cladding. Fig.4 shows the sample and its 
neutron radiograph. The pixel grey scale values at different positions were measured by Image-J software and 
indicated in Fig. 5.  
Fig.6 shows the schematic view of the neutron beam transmission through the dummy nuclear fuel rod with 
tapes. When the fuel rod was exposed in the neutron beam, the transmitted neutron intensity, I, can be given by 
(Hardt et al., 1996; Lehmann et al., 2003): 
)]22(exp[0 ttccpp dddII ¦+¦+¦−=      (6) 
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where I0 is the incoming neutron intensity, dp is the diameter of pellets, p¦  is the Pb pellet’s neutron 
macroscopic cross section, dc is the thickness of the cladding, c¦ is the Al cladding’s neutron macroscopic cross 
section, dt is the thickness of the tape with the unit of one layer, t¦  is the tape’s neutron macroscopic cross 
section with the corresponding unit for one layer. 
Fig. 4. Photo (top) and the neutron radiograph (bottom) of one dummy fuel rod simulating hydrogen accumulation on the cladding, in which the 
layers of the tape from left to right at 5 different positions are 2 to 10 with the increment of 2 layers, the thickness of the tape is 0.05mm and the 
width is 10mm.  
Fig. 5. Pixel grey scale value of the neutron radiograph at different tape positions, where from left to right is position 1 to position 5. The pixel 
value at each position was taken in exactly the middle.  
According to the characteristic curve of the CR ST-VI IP (Website of the Fujifilm company, 2013), the neutron 
radiograph’s pixel grey scale value is inversely proportional to the logarithm value of the exposure the IP achieved, 
at some configuration of the readout system. The equation of the pixel grey scale value and the exposure can be 
expressed as: 
lKmD +−= 'lg    (7) 
where D is the pixel grey scale value of the neutron radiograph, 'K is the neutron exposure of the IP obtained 
from the neutron converter, 'K  is proportional to the transmitted neutron intensity and gIK =' , g , m  and l  are 
coefficients. 
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
Fig. 6. Model of the dummy nuclear fuel rod simulating the hydrogen accumulation in the cladding (bird view), and the schematic view of the 
neutron beam transmission through the dummy nuclear fuel rod (Lehmann et al., 2003).
According to Eq. (6) and Eq. (7), the relationship of the pixel grey scale value of the neutron radiograph and the 
incoming neutron intensity can be expressed in an equation as : 
0lg)2(lglg2 gIppccette mlddmdmD −+¦+¦+Σ=   (8) 
In Eq. (8), dt is the thickness of the tape at different positions, it is the only variable and  Eq. (8) can also be 
expressed as: 
BAdD t +=      (9) 
where A= t
e
m Σlg2 , B= 0lg)2(lg gIppcce mlddm −+¦+¦ , A and B are coefficients. 
The calibration curve of thickness of the tape on the cladding is necessary for quantitatively measuring the 
thickness of the tape unknown at some position. Assuming that the thickness of the tape from position 1 to position 
4 had been known (Fig.5), the calibration curve could be obtained by fitting the data with Eq. (9), as shown in 
Fig.7. The thickness of the tape at position 5 assumed unknown can be calculated by the  pixel grey scale value 
with this calibration curve. 
Fig. 7. Calibration curve of thickness of the tape on the cladding, obtained with well known thickness of the tape from position 1 to position 4. 
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The fitted value of A is 2.84 with the error of ±0.26 and B is -2.35 with the error of ±0.21. So, the fitted Eq. (9) 
can be given by: 
35.284.2 −= tdD   (10) 
Assuming that the thickness of the tape at position 5 (10 layers) was unknown, it could be calculated to be 9.57 
by Eq. (10) with the relative error of ±4.3%. By comparison, the result calculated with the radiograph obtained by 
film at the same experimental conditions (the same neutron converter, the same exposure time) is 9.25 with the 
relative error of ±7.5% (Wei et al., 2014).  
4. Summary and conclusion 
The INR experiments based on X-ray IP have been carried out at CARR. The optimized experimental 
parameters   have been compared, and the total exposure time based on IP is two-fifths of that based on film. A 
water temperature sensor of a motor vehicle and a dummy nuclear fuel rod were qualitatively inspected by their 
neutron radiographs. The spring in the sensor and the defects of  the rod’s pellets can be detected. The quantitative 
inspection of a dummy nuclear fuel rod simulating hydrogen accumulation in the cladding was carried out. The 
thickness of the tape at one position was calculated to be 9.57 layers with the relative error of ±4.3% by the 
neutron radiograph with the calibration curve of thickness of the tape on the cladding. 
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